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A novel combination of high-resolution time-course
expression data and computational modelling has
provided a remarkably detailed picture of a key stage
of Drosophila segment determination, highlighting
the dynamic nature of this process.
One of the earliest events in the development of the
fruitfly Drosophila melanogaster is the establishment of
a segmental pattern of gene expression along the ante-
rior-posterior axis of the embryo. Over twenty years of
genetic analysis have provided a wealth of information
on Drosophila segment determination, and provided a
qualitative picture of the underlying network of interac-
tions [1–3]. Genetics alone, however, cannot confirm
the sufficiency of these interactions, and yields little
insight into the quantitative and dynamic features of the
developmental process. As reported in two new papers
[4,5], Jaeger and colleagues have combined comple-
mentary experimental and modelling approaches to
dissect in detail the regulatory dynamics of the early
stages of segment determination in Drosophila. This
work provides independent confirmation and clarifica-
tion of interactions between ‘gap’ genes that were pre-
viously inferred from genetic data, reveals in detail the
relative contributions that each interaction makes to the
dynamic protein expression patterns, and predicts a
currently unreported regulatory interaction.
The Drosophila gap genes — so-called because
their mutation causes a ‘gap’ in the developing
embryo, with loss of multiple contiguous segments —
encode transcription factors which engage in a
network of cross-regulatory interactions that operates
before embryo cellularisation, during the syncytial
blastoderm stage. The gap genes are expressed in
broad dynamic domains along the anterior-posterior
axis of the embryo which are specified both by con-
centration gradients of the maternal proteins Bicoid
(Bcd), Caudal (Cad) and Hunchback (Hb), and by
interactions amongst the gap genes themselves.
The nature of the interactions underlying gap gene
regulation can be inferred from genetic data, yielding a
qualitative and essentially static picture of what is in
reality a dynamic process. Quantitative and dynamic
features of this process can be captured and explored
in mathematical models, but to achieve their full
potential, models must be combined with specific
quantitative data. In the case of spatial patterning, such
as segment determination, these data must incorporate
both spatial and temporal aspects of the pattern.
Jaeger et al. [4,5] exploited an extensive data set
comprising quantitative profiles of the expression of
wild-type maternal and gap genes during cleavage
cycles 13 and 14A — a period of around 71 minutes
[6]. These data have high spatial and temporal resolu-
tion — equivalent to a single nucleus and around 6
minutes, respectively — and reveal strikingly dynamic
gap gene expression patterns, with the posterior
domains of Krüppel (Kr), knirps (kni) and giant (gt)
narrowing and shifting towards the anterior pole of the
embryo [5] (Figure 1A). To gain insight into the
interactions that generate these patterns, Jaeger et al.
[4,5] used a gene circuit model — a set of mathemati-
cal equations representing the dependence of the
concentration of each gap gene product on produc-
tion, degradation and diffusion [7,8]. The production
terms are non-linear functions of the concentrations of
the maternal and gap gene products, and thus encode
cross-regulatory interactions. An identical set of
equations is associated with each nucleus in the
blastoderm.
A crucial feature of the gene circuit approach is that
it does not use genetic data to make assumptions
about the nature of regulatory interactions. Rather, the
initial circuitry allows for the possibility of input from all
maternal gene products and interactions between all of
the gap genes. Starting with random interaction
strengths and degradation and diffusion rates, Jaeger
et al. [4,5] used a technique called simulated annealing
to optimise the model parameters so as to obtain the
best possible fit between the dynamic expression pat-
terns in the model and those in the experimental data.
The optimised circuits generate expression patterns
that are in excellent agreement with the experimental
data, with deviations of less than 5% (the same magni-
tude as the variability in the data set). 
The optimised circuits contain a conserved set of
regulatory interactions that are all supported by
mutation and misexpression data [4]. Furthermore, the
form of the optimised circuits clarifies previously
ambiguous interactions — such as between Hb and Kr
— and predicts a previously unreported interaction
between Cad and Kr [4]. It is important to note that the
regulatory circuitry of the circuits is an emergent feature
of the optimisation process, and is not pre-specified.
This approach therefore provides independent confir-
mation of the sufficiency of the deduced interactions to
generate gap gene expression profiles.
A particular strength of quantitative models is that
they can be used to carry out a detailed analysis of the
dynamics of the process being modelled, something
which is difficult to achieve experimentally. Jaeger et al.
[4,5] used the optimised gene circuits to dissect out the
relative contributions of specific gap–gap cross-regula-
tory interactions and protein diffusion to the emergent
dynamic expression patterns, and in particular to the
anterior shifts in the posterior boundaries of the Kr, kni
and gt expression domains observed in their data [5].
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The analysis confirms the hypothesis that strong mutual
repression between hb and kni, and between gt and Kr
generates the mutual exclusivity in the expression
domains that is the basis of the gap gene pattern [9,10]
(Figure 1B). What, however, drives the anterior shifts?
In principle, either diffusion of gap gene products or
cross-regulatory interactions (or a combination of the
two) could be involved.
Analysis of the circuits revealed a detailed and unex-
pected picture with two principal features. Firstly, dif-
fusion of the gap gene products contributes little if at
all, and accurate domain shifts can even be achieved
in circuits in which diffusion is turned off [5]. Secondly,
the shifts are driven by asymmetric gap-gap repres-
sion, whereby posterior gap genes repress their (over-
lapping) anterior neighbours, but not vice versa (Figure
1C). This repression forces the anterior movement of
the posterior boundaries of Kr, kni and gt during cycle
14A; anterior expression boundary shifts follow the
corresponding posterior boundaries [5].
The integration of genetic, molecular and modelling
approaches by Jaeger et al. [4,5] provides a picture of
gap gene expression dynamics of unprecedented
detail, which could not have been obtained by any
single method alone. More generally, their analysis
illustrates clearly the dynamic nature of positional
information in the Drosophila embryo [11,12]. What is
clear is that maternal gradients do not establish a
static coordinate system; rather, they provide
positional input into the gap gene circuit, and the gap
gene expression pattern is a dynamic emergent
feature of this system. Can such a process of ‘dynam-
ical positional information’ account for the striking
regulative capacity of embryonic development? For
example, the maternal Bcd gradient has recently [13]
been shown to be significantly more variable than
downstream gap gene expression profiles, and the
origin of this striking regulative capacity remains
unclear. During gene circuit optimisation, Jaeger et al.
[4,5] use averaged data for maternal inputs; it would
be interesting to see how sensitive the gap gene
expression profiles are to the precise form of the
maternal input, and whether the resulting circuits have
the ability to filter out noise in these inputs. 
The analysis presented by Jaeger et al. [4,5] only
covers cleavage cycles 13 and 14A, as the approach
used fails to account for earlier gap gene expression
profiles [4]. This failure may result from not including
in the model the time delays associated with tran-
scription and translation. During the rapid early cell
cycles, these delays have a significant impact on the
dynamics of gene expression [14,15]. An extension of
the current model to include these delays would
provide an excellent opportunity to explore in more
detail the effects of delays on transient and highly
dynamic gene expression [16].
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Figure 1. Expression and regulatory interactions of gap genes
in the Drosophila embryo.
(A) Schematic representation of late cycle 14A gap gene
expression domains studied using the gene circuit model. The
section of the anterior-posterior axis covered by the model
(about 35–92% egg length) is delimited by the bar. Anterior is
to the left, posterior to the right. The bars between domains
represent asymmetric repression exerted by posterior gap gene
products on their anterior neighbours; the arrows indicate the
resulting anterior shifts of the posterior boundaries of the gt, kni
and Kr expression domains. For clarity, neither anterior expres-
sion of hb nor overlaps between domains are shown (see part
C). (B) Strong mutual repression establishes the basic pattern
of mutually exclusive expression domains of hb and kni, and gt
and Kr. Boxes indicate expression domains during cycle 14A,
and bars represent repression. (C) Asymmetric repression of
gap genes by their posterior neighbours. Boxes indicate over-
lapping expression domains. Repression operates in the region
of overlap between neighbouring domains and effects the ante-
rior shifts of posterior domain boundaries.
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